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Parallelization of a Two-Dimensional Navier-Stokes Solver Using Hybrid Meshes

0L, ¥
Honam Ok and Seung-O Park

A two-dimensional Navier-Stokes solver using hybrid meshes is parallelized with a domain
decompostion method. The focus of this paper is placed on minimizing the amount of effort
in parallelizing the serial version of the solver, and this is achieved by adding an additional
layer of cells to each decomposed domain. Most subroutines of the serial solver are used
without modification, and the information exchange between neighboring domains is achieved
using MPI(Message Passing Interface) library. Load balancing among the processors and
scheduling of the message passing are implemented to reduce the overhead of parallelizztion,
and the speed-up achieved by parallelization is measured on the transonic invisicd and
turbulent flow problems. The parallelization efficiencies of the explicit Runge-Kutta scheme
and the implicit point-SGS scheme are compared and the effects of various factors on the
results are also studied.

1. A&

BAg 84 29 ¢F 599 e #4e A8 =¥ EFAA rNe ALFAE ol 43l
4 whyol Hsle oAz 2 7|4 we o A Akg gag o g sidy 22
IYe dAETFEA F83HA ALgE7] fAdMe 24 dE39 super-computer®] E-&ol ¥gEH,
E§ o] ZZ1Wo| super-computerdl Al £ A E8E S ¢ UEE TFEA Qlolo} F. F
29 super-computer Y FHS AWEE, Cray CO 22 vector register® ¥ & pipeline Hd-&
o] &% vectord] super-computerZE-El %719} workstation® CPUZ 34 bus® QR H3Y
super-computer& 2} A} 7 Y& Rolx Uk

ae) $E ¥ super-computer vectord super—computeroll Bjzted AlAtEES FUE 1T UHEH
A zead 38 aFdE F4rt gon, EF o A A 31]’51 zZ2ay zRAQ ANgd HF7HE
e ¥ Yoz dd =ZzaYde HEsg JdMe AMEde Aol AH8-E processor £HE
o] e godo g Bgstu ol processorst Filgolol & AV = %E-—l library & ol &3ty 44988
¥ (domain decomposition method)ol & Alg &z gled], o[& o]&317] figMe Gt £ FE
Aol #AHE FE U F71HA a2y Yol dasch

B d7oME AYd EFAAE o848 239 9F #5% A4 Z2ad02]e) 988 E S9N
on, 83 ¥ERE A¢ Z279% £ ATEF ALY F UER FE def 2FE #FAY. o8
8 288 49 gdo F713Q fringe cell& £43E #HE Adsigon], adoesN o
processor§ 02 gy mEadel Fa A4 moduleEol A9 4 glo] AEE £ U dch
Processor7te] 23 dAdole oz FH9 71344 Alfeol 715tz A¥E ¢ MP{(Message
Passing Interface)(318 At&3tgon, Ax Zzayel wHAstde 100470 ol4e] MPL functiond R
ete] Wasteirt  %al ¥ (explicit scheme)?l 4 stage Runge-Kutta 718 2 &8 Y (implicit scheme}
Q1 point-SGS(Symmetric Gauss-Seidel) 71He} HE E &4 & NACAWI2 9% 99 A§% g
2 JE 5o wistd Azstgon), Ailel ALS® processor?l EA4 2L JAEY 7Y Fol Fuel
UAe 4FE 24Acth

2. AN By

B gabel oig i%a A4 & Mgd EGAA s Z29dQ UNSIZD(Unstructured
Navier-Stokes solver in 2 Dimensions)oll i@ A4 HEL2 Fng2F [1,2) A 71gso e
9, d7|Me Aawe lh’ﬁfﬁl el na g,

1) $FHTSFAFAL FHATETFLE (305-333 HAA FAF o] 2F 5297 Tel : 042-860-2317)
2) @284y $F-FFe (305-701 HAA 4T FAHF 373-1 Tel : 042-869-3713)
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Aze oW geo dAIe A & UARF soj oy, HAZT o] FF koo A o
ol Wad B8 MGy 1 o dF2 YR A+ EGAAE 2 ALY, F3%
AN FF3EFY gtol AR FAAAM BAHe AAFAH F8 A U(cell-centered finite volume
method) 2.8 HEs}ch u]H Aol Al#3ol+= Roe® FDS(Flux Difference Splitting) 719418 AH&
dom, 239 AHHUTE doedME #o EdLE ¥AY 4+ JYEF min-mod type [5] EF&
Venkatakrishnan{6]9} A} &2H(limiter) & AM43tAd. HAFY F 2345 AU (face)ll A BR28E #
FAFY 71718 AT AoAAHol Green T4E HE3to] TPz 249 FYLE REE 34
ot AlZE HEL % llexplicit scheme)?l multi-stage Runge-Kutta schemeit &3 (implicit
scheme)q) point-SGS(Symmetric Gauss Seidel) scheme[7]& At&3tglom, APz =d& §7 o
8 implicit residual smoothing 7183 local time stepping 71®¥-& AFg3lgrt. @F 4329 AL
&AM & Spalart-Allmaras®] one-equation modell8}-& =idt¥on, FE3UARANTG AHsle Eo4F
thoidE Z2adel AR ¥ &AL dUdd ofgd F HES 3R 45 d4e 39 45
Ron, A% Alate AnEE (1,20 7iesol gid

3. ¥4 7y

z2ayel HEse ANEd S Aol A" processor £UHEY Ae gdog sl g
processorZ} Al4te @3tA e YL H(domain decomposition method)-& A&3Qct. dYL #
gl oIM ZF processor7t @@ alol & Al o] HHG RYEG oREE dlojo} siu, T3 WA
% super-computerol A 713 & overhead® &3+ 7 processordt FR Ago] 488HE ALE 3
2318 glojob & Ao, zeEy FolrRgE & dydAc sigd Z2aPo] single CPU
workstation, NOW(Network Of Workstations), PVP(Parallel Vecotor Processors), dedicated parallel
machine § t4d 71FNA o] 7153 E ded 3 FALH, 7H53E £ subroutine
o] £ glo] BE 71FdA 22 AILE & U= E &

3.1 Code A3} 714

FAEENYE ol &% TPl W glolA 1 FoE A3t HiEo] 4R T o A
0 W ZAW(internal interface)& o1 %A HeEld vt e Rojd, oo o} A4 5& € T2y
o 3 A= AA e F84E AYz Yk &, WF AAAANAY F L (serial versiond} FF
=7t 28) flux F& vAFY g& d7] M FES Ad SAANA ©1% processorZ2 #H {EF
9] AR E stxstofxt 3, o]l M= MR HAAVE T/ processort] HE < (information
exchange)o] Futslojofgl dith o8 AN e dt¥oR g F 7HAe WS AL ¥ F U
Zolrt.{9]

A WA Wy "o g 3= B a(uASF, flux, gradient Tl oi¥ ARE 2449 processor7t =
F o Adse siAa flod, BHe BFHog Aol Esd Folu FrisHolof & R EL ol%
processorel A 7hA 2tk & o2 RE fluxs Aile] YW olF o] 83dte] Z+Z9] processorol A vl
A48 Aars] = "ol o] WHe 7 processorol M ¥ ®Wod HByhE Ao, =3 H HLF
AldRkE F=3sty] o 718 2 AaFe] 714 Frbe gk a8y o] Afde 4 A4t
@A o] % processoroll A €& FARE 4 nadE] Folok slng T2 aPe] FHY Aol B
2 8, 58 AEAG Fo] F7HA olo 4288
overhead?t CPU Azt AAES 271 go2H A4
ANAIZEO] T gell HEE Winog 238 F7hd
7t 4% Ut

g Wye e g s B4d dde AN

deiol 3 He fringe layerg F7tsls Aotk 1 s e
g 1A Al 99E 409 dgez Uy,
Z} processordl A Az FAZE AA G4 '—J——LJ—I
7 A gdFe] Frtd Aol o] FEL
% processoroll 4] FFGE Alle] 7t G golv, Fig. 1 Fringe layer £9¢ $¢ =233
Z} processor HiHollAE FE3E Aabe] o]Fol A w3l
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£ fle FEojnt, a8y o] AHE EFT JUFo2 HA dHid AN 99(2¥ 1A FS Ho
2 BEAY ZAE R A dsMe 3EF Ade] olFo A 4 A dh. B@ B Ad
% 7} processorol A 9] Alatel BFE B F o] fringe layerdl U FAANAM Y ulX4 g ol
processor25-F b 7iwt dtd Hrna o) whe] ulste 43l FEA =HH, WidA fringe
layers] €2 3t <3t St ALALE FES] #IE ¢ 3l Aojtt. Y 7 & ojHe
o] g ALREE A9 4 processordl A o% processorZ2HE & FE FHIA HAHY A
Mg A oz 22ade] £3E HA3Y 5 A v Aoith. welAd E dFoME ol
22 fringe layerg ol&3le WUyE M3ty on, oo 93 serial versiond ZEIaYd|A AlEE
subroutine®] A9 EFE 73 flol ALY F YA Huo.

3.2 28 9 BE g3 7

ETHAAY AL FEA WUl AstAY A 49 T84S 73] o8 " ddde A
74y A4xAg gER I 99 9L Aoz A Yy o|Fo o HAF AL Aoy
A4y 9o o Hx B2 HY £E Yoy, o3 Y AAE ASHEH WEVE ofeH,
o2 Azle] H$-& Edto] g 2y gy FAZ ¢E 5 Ut I AR FAHA AL
off Ag3lxa 3t processor®] FUHE AlAE g 2 FY(sub-domain) 2 E E83}oiof FH, o] &
o8 o 7HA whdel Awslel o, B Ao FFsIU m& uigae dAA AH g8 £
dE 2P AL B2 tm gon, ol iR e d4e gy Yok o AL diR
£ 49 modelingd $3tel CAD Z2IOH-g AHR3hd, old di@ AAYEY T2y CAD Rad
A7t 7hssldor gt ey olgd $YE ZE A 4 TEaYy A4 azveEx 4
4 i BEAE Bog e doln, waly E dRdgME AP ¢ 448 e 8 4§ T2
<) Fluent 5{1019] pre-processorZ A-&-3t%ict.

Az Bge TP Aol Aitddl ALEE hardware®] E4o) wel FAHE Foiof & a4
7t 25%E £ dot, dvrd ez FoAHOY iy OF A AR 892 £ A& Foith

<2t Egodol ¥ Aase 78

AR o A WP FAW 279 Hi3

cBgY g M= ol H9 F9 Hasl ‘

A WA 84 Z processordl A A4 B3l 738 wio] & processor’t A4S F3dn
2e v A3 U processor?t URF 7] AT Ao e F3Hload balancing) 71§el2 EAd}
7} processoritol] Agsol st AE Y %L fringe layerodd ol v AR $o | dlv], o] #H
T WY ZATEY Ao HHAA 9§ ¢ Aok w2y g AARY 27§ HagPgoezH A
gxlojolyt sl AH Yg £Y £ AE Aolth wlAT 84 Al AR Ao BHAE R, o]
S gl 7} old+E o7 processor}d FE AL Ao ok WY FHFEA YoM A
B Age] A88E At 24 F RELZ UE £ 3oy, A AT Z processorite AE AGE
z7138le AHeln o] HARZ HFHE Fades Holdh 23d o F7iFd L8dE ATE
latency & 8l9, 938]#] old AfE=e Aol dF @A HA FRE Fuded AeEe Al By
2 A9E g @ebA latency’t 2 hardwared 4 E ol 499 &8 i3l 2ol Al At
@& Ba=Helr}. Fluent 59] pre-processordllE 018 n#d o] 714 JdEd o] o] U
H, A7iM s A4t G el principal axisE Wit AR 2584 U E bisection method® FE AR
st o}

a3 200 slat € flapel B HA 384 93 F
A9 EFAAE YehUNen, 4719 gdeg A
A7 B @so] ook ¥ lole 4 $¥99 Azt
of g FAE BAFa o, [-Cell © [-Node
T Ui ZFAYR FJAY ZFAdHd $A A9
zazrss: 7H—’F%}»‘;E}‘ﬂ_t}.g ji%gj ;liﬂ jz} SRR 0:&5%,‘ S,
F7t AL FF5EA 458 <€ ¢ F e 25
o, 2AR AAe A 4e ol w2 7 DTN N
5384 =Hol Uk, B AP ME fringe layerE

Fig. 2 4/ 49e2 288 E¢4A
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Table 1 AMY Y 4584 A £EIF 32

Domain Num. of Num. of Num. of Num. of Num. of
ID Celis I-Cells Nodes I-Nodes Neighbors
1 3,184 58 1818 61 3
2 318 - 93 2.205 98 3
3 3.190 110 2,164 20 3
4 3.19% 78 2,083 89 3
All 12,757 N/A 8,084 N/A N/A

Lo Badgdyge] F7b8t] 2z processore] ¥FEA HEZ, Al4de] AlEE £8FAE ¥ 29 22
EAQZ By AANHOEZE fringe layerd F7tol 28t AAHcell) T AAHE(node)® F7F ¥ 53%
Z7tslden, AAAA ¥ Fa 2 AAAEL 48 o 2 F7IE 1 o9t e HAe B4l
o]l processor?] Awol Azt Arlefl F#ASA AR Z$(Cray TEY %% FAxl 27171 3o}
o wigl A Aol A HAY) T2 W] yWAsd o8] HA 70% ol ALFe overhead’t
wA-g 9w

3.3 Scheduling 7191

Z} processore W ZAEY &x ofRo) Aa@glol serial version®] solvert ¥2 subroutined A}
£ fluxe AL € AAFAHAMY HE T olu fringe layerdl] ¥ Ao T flux ¥ 3
= Q8% e @ Zio, uEdA o] GAZt EUF fringe layerdlA 9l & F T gtow ulyo
Fojof gt olu 99 processord fringe layer A&t 9 = thE processorgE F H2F s
T A8 AN A3E AdUE FelH ol Ui FRE Fagelol vt v WaY FrE T4
o Fayod e F9 A4 AR A P2 M bottleneck) & o}7]3Y, Ao WM FH A
gol f o] AP A X deadlockol B £ QUrk. wEtA ol ¥ BWHEPY R deadlocke =
g £ UEE dtodof 3ln, AW Ao wWZE overheadE H4 837 dHfME FAA oA %9
processorite] FE Mgo] o]Fo| & F glojof gt £ dFofAlE Fluent 59 pre-processorg ©o]-§
@ Az ¥4 2 94 Edol BYYH A £l fringe layerg F713ta, o2 FR A
g & list2 2AFstAT. o] listd 2AZ Hude #BL processorEC] FAlel FR Hdo] Fosd
A E bottleneck ¥ deadlock® & 4 JUEE AR A9 VAE HA3AAY. X 3d4E E 24 et
A 2899 ARge Fn Ag AAE vl Qo SAEE FE AL $3e Ysghuyn e
o, 835 ¢te] AL FRE dgol ¥AH FA9 8 dehdd. 409 processor?t # o2
processor®t ARE Fuutolo} 3tn g F 129 Au Ago] ojof 3}y, olF FHA Boz FA
3 BF 69Ale] AR Ado] o]Fojxol frt, E 29lM B processor 1914 fringe layerol ¥ &

Table 2 Fringe layer7} $71¢ 458 £8499 A=z

Domain | N of Cells (% | N of I-Cells N of Nodes N of I-Nodes
ID Inc.) (% Inc) (% Inc.) (% Inc)
1 3301 (3.7 117 (101.7) 1,887 (3.8 69 (13.1)
2 3,378 (6.0) 190 (104.3) 2318 (5.1) 113 (15.3)
3 3413 (7.0) 223 (102.7) 2.296 (6.1) 132 (560.0)
4 3,343 (46) 148 ( 89.7) 2170 (4.2) 87 (-22)
SUM 13435 (5.3) 678 (100.0) 8671 (5.3) 401 (496)
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Table 3 47} Processorite] AKX MY schedule

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6

1 —2(93) 130 3~ 2(85) 21090 3-1(3 4 -1 24)

24017 24 124024 | 423013 | 4—>20D 32 8)

Az £8 £ 11700, 9rld BRag ARE F 3§ B processor 2EFE stage 4ellA] 907,
processor 32 2R E| stage 594 370, 18]l processor 4EHE stage 6ol 24705 WolEY uiALE
BT QR o e £ UASE ¥ & Utk T & stageolA] BE 2 E processor7t PR Ao
Fosta Yol FH Aol He§ overhead® HAEHT £ AL ¢ + AUth

4 MPI Passing In

Z} processorolA] WL E 3= FHEE OE processor2FE AAY E& U2 processor7t BRE 3}
T AR ANF7 AsME processordt AR AYE AHadH & £ U SEF 7ol dasiol
olgld 71%5& YutHel Zgadw JdolC £ Fortran)ole EgHo] oA gon, 5w ¥z
librarys Esle] FAE gt old# 7158 BFFde librarydles 719 hardwareol A Aol 4
TE LAY £ UARE E93 Agd AR Jo(dE E9, Cray TEQSHMEM), £ dFeME 4
& i goAdas Heddel fHolu A8l RE hardware® ©]4 o) 7158 MPI(Message Passing
Interface) library[3]& ol &3t3ith. MPI libraryE ©|83le] AHE Fa¢7] A E o]& 4§ buffer
memory @ 8E w2 MAs Feon, WA dataF 7]} BAY Hol ol AHEE F JEF A
k. MPI libraryel = 10099717} @+ library functiono] E£85 6] ot} @43l messages FiadE
ZAojol= B e Z|EH 7|5Evte] Hasitt ¥ 4o B AT A SE F8 function® R &
Ztel 71%& EEHA Yehidt

4. AxA=

zzayPe] WAty U3 Y(explicit scheme)d Al&dHe ZA$ dwHozg sl $£E4 € FExd
e G vl gk & HEEAE A & serial solver2H 1,000 wtEAMNAAM Pste
TE2A-Z BE31YctE processord ol Tt HE3E solverE2E 1,00081 9] stE AN TY
@ HE dojof stk wA wed] wEAL 4G AR Fa, old £8F A AHE Biteld
Hdxe 244E A4 £ Add. a3y S P(mplicit scheme)e] AMRER B$ BHEXE ALY
F3ol 42 gtk 4 74 processor?t Z4Ze] A e diF #E SYHeog T4 Hzg,
serial solver®t & 49 WEALE £3R3AE W F solverd 7} ol rAFo] gith EE
B¢ AR A AAE F39 ZoAEE 9 £ JAANY, o] Z$ ZaaPe] gEHQ £
879 ¥ olvg, 2358 AMEEE HoiAA E steAe] g weA o] AgdE YT wEA
4 H4E At B@AE A&E AMstes Aol ot Ho £YPzAE AAsm 2 228
CPU AlZHg o]l §3to] £8&& &3l Ro] elgdltt, £& o] W& processor Mo wet 3o o
88 wrEAA 357t gebd Rolw, AWE O processord7t ZUHEel uiE AW HE A7) 9§
WAL H vt Frbdd, olEdt WE sle FiolR Hode] Uk r|Fo| He WA BRF

Table 4 H#@3}ol A28 F8 MPI function &2

Function Name F8 7%

MPLInit / MPI_Finalize zg2aye Alzy 28 49
MPI_Send / MPI_Recv DataZ® B3 ¢S
MPI_Comm_Size / MPI_Comm_Rank Processor?} 4 2 ID A%
MPI_Barrier BE Processor A& FAlg Al
MPI_Allreduce Z} Processor®} AlAtAnE 4%
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Pressure Coefficient Dis trfbution on the Wall Convergence Comparison of Explicit and Implicit Schemes

B e B e e O JASNE A e e e e e 10° 105
—a—— 4 Stage R-K
———— P.SGS Scheme
10*
éxa‘
i
élo‘
([0
L TR TR T a—
ITERATION
Fig. 3 NACA0012 93 ¥9 <t Als £X (M=08, Fig. 4 NACA0012 98 = #3573 A4
a=125" ) 3 EA "1 (M=08, a=125" )

(residual)o) 498 & #7A F=t S 7y, 28X 4L 49 o $yge AE3rizh 4
%o HE #F uEv B3¢ Y 84 Bol dE AS #F $ANY ¥FFE o= Ar FYPG
Han, #5575 ask(dutd e 3 AlFy wsgoz FALE on o @ vhE ANE 59
& olFolof P&A Ak FH A4 HIEM £¥ 425 #a¥ £5 JAoY Wy Yo FFEo)
machine zero 7tA] QoA & ZAfde #H7t =] ZojAds BAE glong ol e AH
serial solver$} parallel solverel Z& % 71&& AA%77 4A b gty £ AFedMe sy
FEAol Holul HHAY &L AAEHIZ ol NACAWI2 A8 F9o HgS vldy 2 U &
F5A4 Aol distd 1 A8 dHEgton o o thi o Y& FAd YoM E vz
PAAT ELE Y F Je Aoz P 4 3L AHolrh

41 Bs AN §
WA NACA00I2 98 99 384 v EA F5%F Aol did $IA-2 28 4¥nsid. o F
4 machine zero 7H7 |9 A F o] WErte g4 89 8 d¢ 5 on, g HEAY &
9] AlEo]l HE ASold AN AL #F Machs 08, 237 1.25° oln, 19 3olie HH A9
AHEXE AL o] FSe Ax Aol ofF dsly] WF o 24950 C-grid& WA BAHAZ
At ALgstgon, Yo R WA AR Ae 10° chord® 39t Venkatakrishnan®] flux
limiter(6]2 AMg3led flotef] W FH9 F oMY F9 FEE AN E Y E d& 5
ooy oo W £ FMel 2y 4o Yeldh. o] 1A 4 stage Runge-Kutta scheme %
point-SGS scheme? FHAL vl B3 Yor point-SGS schemel 2 oF 10MiA T e S A& o
2 F 48 ¢+ A FEE He F A
Yol o Al 9Hs germg 1Y 3o
olF ¥7hx) whyle] 2% ZA#wkg Jehdich
gog F 7t7 AGHEYA did HAHY “
AEeAE AMEUC Ade #HE AHE
super-computer?] Cray T3ES|A $#atgon,
AARY 8 24 UH5E YA Y A4 At
2 9dxy E848 UE3dct WA 4 stage
Runge-Kutta scheme®] H¥xg 235 29 59
vehdtk.  Processord] M7l Eojdel wel A

Parallelization Efficiency fora 4 Stage Runge-Kutta Scheme
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Speed-Up Factor

Wa Jg&Aol ot #asiE 3, 16749 X
processorol A} ¢ 169 HE9 AAANZ @FE 0, .
%% "’T“ 9\1%5}‘ O:‘ 7] k‘ 1“ D] 9&1'\":‘ '@.’b“% NumberofProcessorms
processor® ol wide] WA ELA Fig. 5 Explicit schemeoll 2@ wldA H&&
(speed-up factor)el 22 & Hole ZHeo| Ywtk A AL HEAXY S

b At Al Wt St
1
|
1
|
|
F--—"7~-~--"r=-—-°A°x~~r1
1
)
|
|
1

L




B28

o
o

1R B8 HM2EHY 121

s

L

CHR /A RSA sHad|

i

Ml
il

I

S

1/1 Original Mesh 1/16 Size Mesh

-

TTHIT

Fig. 6 A% AAY 1/16 A7 AA uwix

Hod Hsle, o7iME 2318 o & g ®UdE Rolth. F, 16719 processorg 4839 HHA
ALS BtE A9 1719 processorZ AW uie] wiztel HAE 2 FuALE AT o A
overheadol 2]3led AlAbAIZFe] W o] 16H] o]3lE o] FolA = ol ot}

Z2aye wdste FutEE overhead® TEEHW ol d A A 4437 oEE Rez, o
t Cray T3Eel AME¥® processor?l S4e 7I& Aoz By A, Aate] AHE"E Cray T3ES
processors DEC Alpha 450MHz RISC chip2 & ©|&4 #HX 4%l 900MFlopsell 23%dxn Heol ok
2t o]ei gk processor AN A% Zazael dviv # A3t gol et ZA &3, §
3] second level cache memory?] A& EE ¥ el ulal dsol ZA F4=H A £ g, EE o)
T YL dEE compilerdl o3 AEHoeg F£YPHE Hol BEoY, LeaY A7 EAd uE
FAE AL Aotk =t HEAE A4 (speed-up factor)ol processord] MEFE F718k= 349 o
@ Z processordllA A 2lsts A A7i7t AolFol ulel processore] A Aol F7HEHSol &
Ak, 2 single processor performance?t 319 A7|e) W ste Aoy BAAY, olF &3]
st Balel A71E whro] shy AAE F3te Btk a7 6ellv G £F olHs] 249%X50
C-gridst 1670¢] d¥oz Bgslgg Wt A9 g2 279 AAAE Ytz . & 503 o8 7§
9] processorg AH83l7] flsted Fdg REFHE Wt KA 2719 FAE Ul e, oy #
Azlo 3 TUT &L FF5F ANE FHstd

29 79 4 stage Runge-Kutta scheme® AM&3led, wlH4 H34, 27 92 ¢F 572 Axnst

. Qe 4 Aol ubE processord A%E BRI AG. FFH Ueld speed-up factor® 11 mesh?l

ANANRE 71Eo g AR 9o F7EE 74T CPU Azt H|E Uehd Aot 4 F 59, 10008
o] "HE AlAte] 1/1 mesh®&M 1,600sec’t 2852 Y 349 A4lel 1/16 meshE 100sec?t HH A
speed-up factore ch-& 3 o] AAtfct

cells

_ _ _T4dcells
Speed — Up Factor 12, 152 cells

sec —_
100 sec =l.22

kel ZAzte] =27) 7ol W& processor? AAAE F717F it speed-up factord] e 10] =lof
of sty 2FPolA HEo] Axte A7} FHolAFF o] grol FHI AL & & k. ]z o] gt
< z22a%e] compiledld AAHE ZaaYPe vl Augle]l AAZ A AlRE AA A7)

9 £8E FA% fAre 32719 AR 43

Table 5

1/1 Mesh 1/2 Mesh 1/4 Mesh 1/8 Mesh 1/16 Mesh
N of Cells 12,152 6.076 2976 1.488 744
N of Faces 24,577 12,313 6.088 3,056 1,556
N of Nodes 12,425 6,237 3112 1.568 744
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0 o)&ste Aes yeiyr. olf e dA4L Cray CI0 L vector super-computerdi A= el
Un) g @402 (2388 vector register o) § E&°) ¥otd A9 277 AZBFF AY Eg
okt HAEE ZAEE ¥9) Cray TES Z& RISC chip® AME3lE processors 52 oA
a8ng FAAE AFY wsk To] 27 5494 RGA RHQ A B Z ¥IAH A&
(speed-up factor)& ¥& 4 URY R ggo] 2d@gol utel 2zt processor?t Aol e EA 9
A7)7F oA HAe) AY oz J)A% AYES & 4 Y 1Y 78 BE AAE 16719 FHR Y4r
2l-& W Cray T3E single processord A4t £&& AAES ANET wof w3t of 24¥R= FItg &
o 4= glow wheF WA ale] 97 overhead’7t RIRATHE 18 50lA 1670 processorel JF AEXE 16
Xx24 A9 g2 7ixjol & zolch wrelA] Cray TIEIAM Y waN E&E 423 Brstr] A
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. Effect of Domain Decomposition on Convergence
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